Swelling of hepatocytes and other epithelia activates volume-sensitive ion channels that facilitate fluid and electrolyte efflux to restore cell volume, but the responsible signaling pathways are incompletely defined. Previous work in model HTC rat hepatoma cells has indicated that swelling elicits ATP release, which stimulates P2 receptors and activates Cl ؊ channels, and that this mechanism is essential for hepatocellular volume recovery. , which is essential for ion channel activation and volume recovery, but that this increase does not stem from activation of volume-sensitive P2 receptors. Collectively, these observations imply that regulatory responses to hepatocellular swelling involve a dual requirement for a purinergic-independent Ca 2؉ signaling cascade and a Ca 2؉ -independent purinergic signaling pathway.
, which is essential for ion channel activation and volume recovery, but that this increase does not stem from activation of volume-sensitive P2 receptors. Collectively, these observations imply that regulatory responses to hepatocellular swelling involve a dual requirement for a purinergic-independent Ca 2؉ signaling cascade and a Ca 2؉ -independent purinergic signaling pathway.
Epithelia face substantial osmotic stresses from the vectorial transport of solutes that cause cell swelling and challenge cellular integrity. An adaptive response to cell swelling, termed regulatory volume decrease (RVD), 1 provides a dynamic safeguard against tissue injury produced by such stresses. RVD is mediated, in part, by the opening of swelling-activated K ϩ and Cl Ϫ channels in the plasma membrane, which leads to fluid and electrolyte efflux and consequent restoration of cell volume (1) .
Although it has been well appreciated that activation of both K ϩ and Cl Ϫ channels is critical for RVD, the mechanisms that couple cell swelling to ion channel activation and RVD exhibit tissue diversity.
Among epithelia, hepatocytes are particularly susceptible to dynamic perturbations in cell volume, given the central role of the liver in nutrient uptake and metabolism (2) . Whereas emerging evidence suggests that hepatocellular volume per se is an important determinant of several critical organ level functions, including glucose metabolism and bile formation (2) , the mechanisms that govern hepatocellular volume regulation remain to be defined. We and others (3, 4) have provided evidence for the involvement of purinergic signaling in this process. In both HTC rat hepatoma cells and human hepatocytes, hypotonic swelling elicits ATP release, which stimulates P2 purinoreceptors, the activation of which leads to the opening of volume-sensitive Cl Ϫ channels (3, 4) . This purinergic mechanism is essential for hepatocellular RVD. Although it is known that swelling-induced ATP release requires activation of phosphatidylinositol 3-kinase (5) and involves a putative member of the ATP-binding cassette family (6) , the downstream effectors that couple osmosensitive P2 receptors to ion channel opening and RVD are unknown.
In many cell types, including hepatocytes, activation of P2 receptors elicits increases in cytosolic [Ca 2ϩ ] ([Ca 2ϩ ] i ) through stimulation of phospholipase C, intracellular inositol trisphosphate (IP 3 ) formation, and activation of IP 3 receptors (7, 8) . However, P2 receptors have also been reported to be coupled to Ca 2ϩ -independent cellular effectors (9 -12) . This leaves unresolved whether Ca 2ϩ is involved in osmosensitive purinergic signaling in hepatocytes.
The role of Ca 2ϩ in hepatocellular volume regulation is also uncertain. Hepatocellular swelling has been reported to elicit the opening of Ca 2ϩ -permeable cation channels and transiently increase [Ca 2ϩ ] i (13 ] i are independent of purinergic signaling pathways. In light of our previous studies (3, 6) of volume-sensitive purinergic signaling in HTC cells, these findings support a model in which adaptive responses to hepatocellular swelling require the dual actions of a purinergic independent Ca 2ϩ signaling pathway and a Ca 2ϩ -independent purinergic pathway.
EXPERIMENTAL PROCEDURES
Cell Culture-HTC rat hepatoma cells, a model liver cell line (3, 6, (17) (18) (19) , were grown at 37°C in a humidified 5% CO 2 atmosphere in minimal essential medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin as described previously (19) . One day prior to all experiments, cells were seeded onto glass coverslips.
Measurement of [Ca 2ϩ ] i - [Ca 2ϩ ] i was measured by dual-wavelength emission ratiometric laser scanning confocal microspectrofluorimetry, using the Ca 2ϩ -sensitive fluorescent dyes fluo-3 and fura-red (20, 21) . This method takes advantage of the fact that fluo-3 and fura-red fluorescence increase and decrease, respectively, as a function of [Ca 2ϩ ]. In this way, the ratio (R) of fluo-3 to fura-red fluorescence is a function of [Ca 2ϩ ] and is unaffected by changes in dye concentration expected to occur during changes in cell volume.
HTC cells were loaded with fluo-3 and fura-red by incubation for 20 -45 min at room temperature in the presence of 5 M fluo-3 acetoxymethyl ester (fluo-3-AM) and 15 M fura-red-AM (each from Molecular Probes) dissolved in a physiological buffer (standard extracellular solution (SES)). SES consisted of (in mM) 140 NaCl, 4 KCl, 1 CaCl 2 , 2 MgCl 2 , 1 KH 2 PO 4 , 10 glucose, and 10 HEPES (pH 7.4). Each coverslip was placed into a perfusion chamber (Warner Instruments R-26G) mounted on an Olympus BX-50 upright fluorescence microscope equipped with a Bio-Rad MRC 1024 laser scanning confocal system. Cells were continuously perfused at 3-4 ml/min with SES. Fluorescence was excited with the 488 nm line of an argon-krypton laser, and emission was detected simultaneously at 522 (fluo-3) and 680 nm (fura-red). Cells were visualized with a 60ϫ water immersion quartz objective (Olympus LUM Plan F1) and outlined for study using computer-controlled data acquisition software (Bio-Rad Time Course). Following a 10 -15-min rinse with SES, changes in [Ca 2ϩ ] i were measured in a field-of-view consisting of 10 -30 cells. Measurements of fluo-3 and fura-red fluorescence emission intensity were acquired every 5-30 s. In most studies, changes in [Ca 2ϩ ] i were inferred from changes in the relative fluorescence ratio, calculated by dividing R at each time point by R 0 , the fluorescence ratio measured at the first time point (t ϭ 0) of exposure to hypotonic solution. In studies involving long term [Ca 2ϩ ] i measurements (Ͼ5 min), R 0 , was taken to be the average fluorescence ratio 1-2 min prior to exposure to hypotonic solution.
Hypotonic swelling was produced by perfusion with solutions identical to SES except that the NaCl concentration was 84 mM. In selected experiments, CaCl 2 was not added to hypotonic solutions in order to achieve nominally Ca 2ϩ -free conditions. All experiments were performed at room temperature. Nitrendipine was from Calbiochem, and unless otherwise indicated, all reagents were from Sigma.
Measurement of Cell Volume-Cell volume was determined by threedimensional reconstructions of optical sections using laser scanning confocal microscopy (22 ] i were inferred from the ratio of fluo-3 to fura-red fluorescence, normalized to mean basal values, and measured 2 min prior to hypotonic exposure (see "Experimental Procedures"). Data represent means Ϯ S.E. of 76 cells. B, effect of hypotonic challenge on cell volume. Cells were loaded with the fluorescent dye calcein and then exposed to hypotonic solution (as above). Cell volume was determined via laser scanning confocal microscopy and normalized to basal values, as described under "Experimental Procedures." Data represent means Ϯ S.E. of 26 cells. 2؉ ] i result from intracellular Ca 2؉ mobilization and Ca 2؉ influx. Cells were exposed to hypotonic solutions (40% reduction in NaCl concentration) as indicated by the gray bar. Swelling was evoked by exposure to control hypotonic solution (top), to hypotonic solution in the nominal absence of extracellular Ca 2ϩ (middle), and to thapsigargin-containing hypotonic solution following a 10-min preincubation with 1 M thapsigargin in the presence of extracellular Ca 2ϩ (bottom). Changes in [Ca 2ϩ ] i were inferred from the relative fluo-3/fura-red fluorescence ratio (see "Experimental Procedures"). The controls used for these studies were different than the cells depicted in Fig. 1 , for which a substantially longer time course was followed. Data represent the means Ϯ S.E. of 51 to 116 cells for each condition.
FIG. 2. Swelling-evoked increases in [Ca
and progressing by serial (x, y) scans to the top of the cells, were acquired at 1-min intervals. The cross-sectional area of each cell in an optical section was determined by computer image processing (Scion Image for Windows, version Beta 4.02). The areas for all sections through a cell were summed and converted to volume (V) by multiplying the total cross-sectional area by the z axis spacing (2 m) between the optical sections (23) . Relative cell volume was calculated by dividing V by the mean cell volume, V 0 , measured during perfusion at room temperature with SES 5 min prior to application of hypotonic solutions. The extent of cell volume recovery after swelling (%RVD) was calculated from Equation 1,
where V max is the relative maximum volume after swelling, and V 15 is the relative cell volume 15 min after exposure to hypotonic solutions.
Measurement of Membrane Currents-Whole-cell currents were measured using patch clamp recording techniques as described previously (3, 19) . Cells on coverslips were placed in a perfusion chamber (Warner Instruments R-26G) mounted on the stage of an inverted microscope equipped with Hoffman modulation contrast optics. Hypotonic swelling was produced by changing the perfusion solution from SES to a solution identical in composition except that the NaCl concentration was 98 mM. The pipette solution contained (in mM) 10 NaCl, 130 KCl, 0.5 CaCl 2 , 2 MgCl 2 , 1 EGTA, and 10 HEPES (pH 7.30). With these solutions, the reversal potential for K ϩ is approximately Ϫ80 mV under both basal and hypotonic conditions, and the reversal potential for Cl Ϫ is close to 0 mV (Ϫ1 mV under basal conditions and ϩ7 mV under hypotonic conditions). This approach has been successfully used to detect outward swelling-activated K ϩ currents at a potential of 0 mV, and inward swelling-activated Cl Ϫ currents at a potential of Ϫ80 mV (18) . In selected experiments, [Ca 2ϩ ] in the patch pipette was lowered by increasing the concentration of EGTA to 5 mM and withholding CaCl 2 . All experiments were performed at room temperature.
Statistics-All results are presented as means Ϯ S.E., where n represents the number of cells studied. Statistical comparisons were made with the use of Student's unpaired t test, and p Ͻ 0.05 was considered to be significant. [Ca 2ϩ ] i -Dual-wavelength emission ratiometric imaging and laser scanning confocal microscopy were used to determine the effect of hypotonic challenge on [Ca 2ϩ ] i and volume in HTC cells. Exposure to hypotonic solution (40% reduction in NaCl concentration) resulted in a rapid increase in the relative fluorescence ratio of fluo-3 to fura-red, a measure of [Ca 2ϩ ] i (Fig. 1A) . [Ca 2ϩ ] i remained elevated for ϳ5 min and then gradually decreased to basal levels within 10 min. In parallel experiments, under basal conditions, cell volume was calculated to be 3.8 Ϯ 0.1 pl (n ϭ 55), which is in the range of values reported previously for hepatocytes and HTC cells (3, 19, 22, 24) . Exposure to hypotonic solution (40% reduction in NaCl concentration) produced a rapid increase in cell volume that was followed by a decline toward basal values (Fig. 1B) (Fig. 2 ). Under these conditions, the maximum relative fluorescence ratio (analyzed on a cell-by-cell basis) was 1.47 Ϯ 0.03 (n ϭ 106), versus 1.59 Ϯ 0.03 (n ϭ 116) in the presence of extracellular Ca 2ϩ . These results suggested that the initial increase in [Ca 2ϩ (25) . Application of 1 M thapsigargin alone produced a transient increase in [Ca 2ϩ ] i that fell to basal levels within 10 min (data not shown). However, following a 10-min incubation with 1 M thapsigargin in the presence of extracellular Ca 2ϩ (Fig. 2) (3, 17, 18) , exposure of HTC cells to hypotonic solution (30% reduction in NaCl concentration) elicited increases (within 2-3 min after exposure) in outwardly rectifying membrane currents (Fig. 3, A  and B) . The outward currents at 0 mV and inward currents at Ϫ80 mV (see "Experimental Procedures") correspond to swelling-activated K ϩ and Cl Ϫ currents, respectively (18) . To determine the dependence of these currents on Ca 2ϩ , we exposed HTC cells to hypotonic solutions under conditions in which [Ca 2ϩ ] i was buffered to Ͻ10 nM by including in the pipette (intracellular) solution 5 mM EGTA and withholding CaCl 2 . Under these conditions, both swelling-activated K ϩ currents and Cl Ϫ currents were inhibited by greater than 75% compared with control conditions (p Ͻ 0.05, Fig. 3C ). This suggested that activation of K ϩ and Cl Ϫ channels by swelling required increases in [Ca 2ϩ ] i . We next determined whether channel activation required swelling-evoked Ca 2ϩ influx or intracellular Ca 2ϩ store release. Exposure of cells to nominally Ca 2ϩ -free hypotonic solutions was associated with a 60% reduction in the amplitude of swelling-activated K ϩ currents (p Ͻ 0.05). By contrast, the amplitude of swelling-activated Cl Ϫ currents was not significantly affected under these conditions (Fig. 3C) . This indicated that activation of K ϩ currents by swelling was, in part, dependent on Ca 2ϩ influx but that activation of Cl Ϫ currents was not. The dependence of swelling-activated currents on intracellular Ca 2ϩ mobilization was examined by depleting endoplasmic reticulum Ca 2ϩ stores with a 10-min exposure to 1 M thapsigargin prior to swelling. Thapsigargin inhibited swelling-activated Cl Ϫ currents by more than 85% (p Ͻ 0.05) and abolished the swelling-activated K ϩ currents (Fig. 3C) . These results suggest that activation of both K ϩ and Cl Ϫ channels by hepatocellular swelling requires intracellular Ca 2ϩ mobilization. RVD and Ca 2ϩ -The preceding results are consistent with the hypothesis that adaptive responses to hepatocellular swelling are regulated by Ca 2ϩ influx and intracellular store release. We further assessed the roles of these pathways in RVD, using laser scanning confocal microscopy, to determine the Ca 2ϩ dependence of RVD (Fig. 4) . When Ca 2ϩ influx was disabled by exposure to nominally Ca 2ϩ -free hypotonic solution (40% reduction in NaCl), %RVD was partially but significantly reduced (60.1 Ϯ 5.6, n ϭ 3 groups of 9 -10 cells, compared with 118.2 Ϯ 19.6, n ϭ 3 groups of 7-11 cells, under control conditions, p Ͻ 0.05). By contrast, when Ca 2ϩ release from the endoplasmic reticulum was prevented by a 10-min preincubation with 1 M thapsigargin, %RVD was nearly abolished (11.1 Ϯ 5.7, n ϭ 3 groups of 12-16 cells). These findings suggest that RVD is dependent on and differentially regulated by Ca 2ϩ influx and intracellular store release.
RESULTS

Hypotonic Stress Increases
Volume-sensitive Purinergic Signaling and [Ca 2ϩ ] i -Our results thus far indicate that HTC cell swelling increases [Ca 2ϩ ] i and that these increases are necessary for volume regulatory responses. Previous work (3) has shown that autocrine signaling via ATP is essential for regulation of HTC cell volume and that ATP evokes increases in [Ca 2ϩ ] i in these cells via stimulation of purinoreceptors (26) . We therefore tested whether swelling-induced increases in [Ca 2ϩ ] i involved a purinergic pathway. To address this question, the ATP hydrolase apyrase and the broad spectrum P2 receptor antagonist suramin were employed at concentrations that we have shown previously to block swelling-activated Cl Ϫ currents and RVD in HTC cells (3) . Neither apyrase (grade VI, 3 units/ml) nor suramin (100 M) prevented swelling-mediated increases in [Ca 2ϩ ] i (Fig. 5) . In parallel controls, however, apyrase and suramin (at identical concentrations used in studies above) significantly inhibited the increase in [Ca 2ϩ ] i elicited by exogenous application of 10 M ATP. In the presence of apyrase, the peak relative fluorescence ratio induced by ATP was 1.7 Ϯ 0.1% that induced by ATP alone (n ϭ 37 cells), and in the presence of suramin, it was 22 Ϯ 1% that induced by ATP alone (n ϭ 40 cells). Collectively, these findings indicate that swelling-induced increases in [Ca 2ϩ ] i are independent of volume-sensitive purinergic signaling pathways.
DISCUSSION
In this study, we have provided evidence that strongly supports an important role for Ca 2ϩ in hepatocellular volume regulation. Hypotonic swelling of HTC cells elicited a transient increase in [Ca 2ϩ ] i via intracellular Ca 2ϩ store release and Ca 2ϩ influx, and each of these pathways was coupled distinctly to the ion channels that mediate volume recovery. Ca 2ϩ store discharge provided a signal that activated volume-sensitive Cl Ϫ channels, whereas activation of volume-sensitive K ϩ channels required both intracellular Ca 2ϩ store release and extracellular Ca 2ϩ influx. We have also demonstrated that the Ca 2ϩ signals generated by swelling, while necessary for RVD, did not involve activation of P2 purinergic pathways that have been implicated as essential for volume recovery after hepatocellular swelling (3, 4) . Taken together, these observations support the hypothesis that Ca 2ϩ and purinergic signaling pathways independently govern hepatocellular volume regulation.
While many (but not all) cell types utilize Ca 2ϩ as an intra- cellular messenger in volume regulation (1, 27) , information concerning the effects of hepatocellular swelling on [Ca 2ϩ ] i has been limited and conflicting. One study suggested that hepatocellular swelling activates Ca 2ϩ influx (13) . This interpretation was based on the observation that hypotonic challenge elicited increases in [Ca 2ϩ ] i that were prevented by chelation of extracellular Ca 2ϩ . However, the chelation conditions employed decreased resting [Ca 2ϩ ] i (raising the possibility of intracellular store depletion), and this left the underlying mechanisms responsible for swelling-mediated increases in [Ca 2ϩ ] i unclear. Another study showed that hypotonic challenge did not affect [Ca 2ϩ ] i in hepatocytes that were transiently pretreated with the Ca 2ϩ -mobilizing agonists ATP and vasopressin (14) . Although it was suggested that cell swelling does not influence [Ca 2ϩ ] i , it is possible that the failure to observe swelling-evoked [Ca 2ϩ ] i increases under these conditions resulted from depletion of volume-sensitive intracellular Ca 2ϩ stores by agonist-mediated Ca 2ϩ mobilization. Our findings reconcile the apparently disparate conclusions of these previous studies in that we have shown that hepatocellular swelling elicits both intracellular Ca 2ϩ store release and Ca 2ϩ influx. Although we have not yet definitively determined the underlying mechanisms that trigger the activation of these Ca 2ϩ signaling pathways, our results suggest that swelling-evoked intracellular Ca 2ϩ store release and Ca 2ϩ influx are interdependent. In particular, Ca 2ϩ store depletion with thapsigargin abolished the swelling-evoked increases in [Ca 2ϩ ] i in the presence of extracellular Ca 2ϩ . This supports the concept that the Ca 2ϩ influx is mediated by channels that open in response to discharge of intracellular Ca 2ϩ stores. However, whether swelling-mediated Ca 2ϩ influx occurs through such store-operated Ca 2ϩ channels or previously described mechanosensitive cation channels (13) requires further study.
Although the intracellular sites responsible for swellingevoked Ca 2ϩ mobilization have not been fully defined in this study, abolition of [Ca 2ϩ ] i increases by thapsigargin strongly implicates a contribution by the endoplasmic reticulum. This is consistent with observations in other cell types in which swelling has been shown to elicit release of endoplasmic reticulum Ca 2ϩ stores via IP 3 receptors (28), ryanodine receptors (29) , or by undefined pathways independent of either receptor type (30, 31) . Although the mechanisms that underlie swelling-mediated hepatocellular Ca 2ϩ store release are uncertain, the observation that prolonged hypotonic exposure increases intracellular levels of IP 3 in hepatocytes (32) raises the intriguing possibility that swelling elicits mobilization of intracellular Ca 2ϩ consequent to activation of phospholipase C and IP 3 receptors. Indeed, liberation of diacylglycerol by osmosensitive stimulation of phospholipase C would account for previous findings concerning swelling-mediated activation of protein kinase C␣ in HTC cells (17) .
Our findings implicate an essential role for Ca 2ϩ in the regulation of ion channels that are involved in hepatocellular (33) . A small conductance K ϩ channel has been identified on the basis of fluctuation analysis of whole-cell currents evoked by hypotonic challenge (34) . The Ca 2ϩ dependence of this channel has not been studied, however, and it remains to be determined whether either the large or small conductance K ϩ channels could be selectively activated by Ca 2ϩ influx or Ca 2ϩ store release in hepatocytes. In contrast to K ϩ channels, our observations suggest that volume-sensitive Cl Ϫ channels are distinctly regulated by the source of hepatocellular Ca 2ϩ . We found that intracellular dialysis with EGTA or exposure to thapsigargin inhibited swelling-activated Cl Ϫ currents but that inhibition of Ca 2ϩ influx had no effect. Our findings thus extend previous work (17) (35) . Rather, the Ca 2ϩ dependence of swelling-activated Cl Ϫ channels likely reflects a requirement for activation of the Ca 2ϩ -dependent protein kinase C (PKC) isoform PKC␣ (17) . If this is the case, our data would suggest that under conditions of swelling, the site of interaction between Ca 2ϩ and PKC␣ lies close to the site of Ca 2ϩ release from the endoplasmic reticulum.
Consistent with a Ca 2ϩ dependence for the activation of volume-sensitive K ϩ and Cl Ϫ channels, the results reported here indicate a Ca 2ϩ dependence for hepatocellular RVD as well. In light of previous observations (3, 6 ) that release of ATP and autocrine activation of P2 receptors are also required for volume recovery after HTC cell swelling, our current findings have several additional implications. First, in contrast to many purinergic signaling pathways, the volume-sensitive purinergic pathway does not employ Ca 2ϩ as an intracellular mediator. If this were not the case, then apyrase and suramin (which block hepatocellular RVD) would have inhibited the observed swelling-elicited increases in [Ca 2ϩ ] i . Second, the site of swelling-elicited ATP release is likely to be in close proximity to the volume-sensitive P2 receptor. If not, then it is likely that activation of a more distant P2 receptor coupled to increases in [Ca 2ϩ ] i would have been observed. Taken together, our observations support a model in which two distinct signaling pathways are each required for volume recovery after hepatocellular swelling, a purinergic-independent Ca 2ϩ signaling pathway and a Ca 2ϩ -independent purinergic pathway (Fig. 6 ). It is tempting to speculate how Ca 2ϩ -independent purinergic signaling occurs in the context of hepatocellular volume regulation. Our data suggest that it occurs via activation of P2Y receptors, as opposed to P2X receptors, which form Ca 2ϩ -permeable cation channels, the activation which would be expected to increase [Ca 2ϩ ] i . At least four P2Y receptors (P2Y1, P2Y2, P2Y4, and P2Y6) have been identified in hepatocytes (36, 37) , and each of these can couple to trimeric G proteins that are linked to Ca 2ϩ -independent signaling pathways. For example, each of these purinoreceptor isoforms can activate in a Ca 2ϩ -independent manner pathways mediated by the GTPase Rho (11), which has been suggested to regulate volume-sensitive Cl Ϫ channels in intestinal epithelial cells and vascular endothelium (38, 39) . Moreover, other intracellular signaling effectors that regulate volume-sensitive ion channels, such as cyclic AMP and mitogen-activated protein kinases (40, 41) , have been shown in some cases (e.g. in leukocytes, astrocytes, and pancreatic duct epithelial cells) to be coupled to P2Y receptor activation via Ca 2ϩ -independent pathways (9, 10, 12) . It remains to be determined which P2Y receptor isoforms are activated in response to hepatocellular swelling and which downstream purinergic effectors participate in RVD.
In summary, our findings implicate an important role for Ca 2ϩ in recovery from hepatocellular swelling and suggest that the endoplasmic reticulum participates in osmosensing and osmoregulation. Moreover, the observations reported here raise the possibility of a novel volume regulatory mechanism involving coincidence detection of independent signals arising from increases in cell Ca 2ϩ and from stimulation of volumesensitive P2Y receptors. Such a mechanism would provide a powerful means of tight control of liver cell volume and, by extension, maintenance of critical organ level functions.
